Based on multiple locus sequence typing, we previously found that DST659 and DST693 were dominant genotypes of Candida albicans among the bloodstream isolates at ChangGung Memorial Hospital at Linkou. Biofilm-forming activity, which is critical for C. albicans virulence, probably contributed to the dominance of antifungal sensitive isolates in hospital. Both in vitro membrane weighting and in vivo zebrafish egg infection assays were used to evaluate the biofilm-forming activity of DST659 and DST693 genotypes. Medical records of the patients infected by these two genotypes were retrospectively reviewed. High biofilm-forming activity of DST659 isolates was demonstrated in vitro and further proved with the zebrafish egg infection model, which showed a positive correlation between the biofilm-forming extent on chorion and the in vitro biofilm activity. Moreover, significantly less embryos survived when infected with DST659 isolates than those with DST693 (1.25% vs. 11.43%), and the high-biofilm subset of DST659 showed a greater reduction in survival of embryos at 48 h post-infection than the low-biofilm subset (0 vs. 1.92%). Patients infected with DST659 seemed to survive slightly worse than those infected with DST693, although the difference was insignificant. It is noteworthy that DST659-infected patients were associated with a higher incidence in renal insufficiency as compared to those with DST693, the low biofilm genotype. We suggest that a strong biofilm activity of DST659 contributed to a high mortality rate in zebrafish hosts
and poor renal function in patients, as well as gaining the dominance in the northern Taiwan.
Introduction
Candida albicans, a human commensal microorganism, is a major cause of nosocomial bloodstream infections and caused up to 30-60% mortality worldwide. [1] [2] [3] [4] Dissemination of Candida to the circulation system and deep organs could be lethal. The current risk factors of candidemia are numerous and include invasive surgeries, dialysis, central venous access, diabetes, burns, suppressed immunity, use of steroid drugs, and broad-spectrum antibiotics. [5] [6] [7] Previously, DST693 and DST659 genotypes are found to be the most abundant multiple locus sequence typing (MLST) genotypes in Chang-Gung Memorial Hospital at Linkou (CGMHL) by the MLST method. 8 The decrease in fluconazole sensitivity may benefit DST693 isolates to continue to exist during prophylactic fluconazole treatment. 8 Among the collection between 2003 and 2011 in CGMHL, DST659 was the second dominant genotype, which, however, showed no detectable change in susceptibility against common antifungals. Peculiarly, DST659 ranked to clonal complex (CC) 11 (i.e., the 11th largest eBURST complex) in global collection before year 2000 9 and moved up to CC4
(i.e. the 4 th largest complex) in year 2014. 10 This observation may imply that DST659 genotype seems to expand during 2000-2014.
In the current study, we took advantage of the optical transparency of zebrafish embryos that allows noninvasive, high-resolution, time-course and real-time experiments to monitor the infection processes with imaging techniques. And many similarities and counterparts of immune systems do exist between zebrafish and mammals. Since biofilm forming activity has been demonstrated as an important factor for the pathogenesis of C. albicans, as well as the survival advantage under stress, an in vitro biofilm weighting analysis 11 and the zebrafish egg infection model 12 were then used to evaluate the biofilm activities and the infectivity of C. albicans isolates. By doing so, we reported the relationship between biofilm formation and dominance of DST659 genotype in CGMHL. Meanwhile, a retrospective study was conducted to reveal the clinical importance of high biofilm forming activity of DST659 genotype.
Methods
Candida albicans isolates C. albicans isolates were identified by conventional culture and germ tube formation methods, and any uncertainty was further clarified by MALDI-TOF mass spectrometry or CHROMagar Candida (BD). Therefore, a total of 20 C. albicans isolates (16 from bloodstreams and 4 from urine) of DST659 genotype and 22 DST693 isolates (19 from bloodstreams and 3 from urine), all defined by MLST typing method, 8 were included in this study. In addition, SC5314, a filamentous positive strain and HLC54, cph1/cph1 efg1/efg1, a nonfilamentous strain 13 were used as controls.
In vitro biofilm weighting analysis
The biofilm weighting analysis was adapted from the biofilm assay previously done with silicone elastomers. 11, 14 In brief, sterile filter membrane (0.8-μm pore size) (MFMillipore, Millipore) in a fixed size was placed into 12-well culture wells and incubated in 1-ml fetal bovine serum for 16 h. The membranes were washed in phosphate-buffered saline (PBS) and wet with Spider medium (1% nutrient broth, 1% mannitol, 0.2% K 2 HPO 4 ), followed by inoculation with C. albicans for 90 min at 37
albicans yeasts were removed by PBS washing, and then the membranes were incubated with sterile Spider medium for 60 h. After PBS washing, the filter membranes were air dried and finally weighted. Blank was performed with noninoculation membrane in the same procedure. A biofilm defective strain tec1 (tec1/tec1) 11 was used for negative control, and its congenic parental wild-type C. albicans SC5314 was used for positive control. To normalize the biofilm forming activity, the biofilm formation index was calculated by dividing the weights of sample membranes by that formed with the tec1 strain.
Candida albicans infection model with zebrafish eggs
Zebrafish egg infection model was conducted according to the previously reported studies. 12 In brief, approximately 20 zebrafish eggs at 1 day post-fertilization were cultured in egg water (0.03% sea salt) at 28
• C overnight and then placed in a 24-well plate containing 0.7 ml MOPS-buffered RPMI-1640 medium each well. The embryos in wells were co-incubated with C. albicans (at 1 × 10 6 yeast form cell/ml) and shaken at 80 rpm, 30
• C, for 4 h. The C. albicans SC5314 was used as a positive control for infection whereas HLC54 (cph1/cph1 efg1/efg1) mutant was used as a negative control. After washing, embryos were transferred into egg water supplemented with 0.5% YPD (Difco, Detroit, MI, USA) and incubated at 30
Gp. H
Candida biofilms on zebrafish chorions were semiquantified by analyzing the photo images taken under microscope at 24 and 48 h post-infection (hpi). To quantify the biofilm on a chorion, representative images (100 ×) selected from 10 eggs in each infection were measured for the surface coverage and hyphal length of the Candida. Biofilm formation activity of individual isolate was categorized decreasingly into levels: IV, III, II, I and nondetected, of which details are described in Table 1 .
To evaluate the survival rate after infection, approximately 20 eggs were used in a well and infected similarly as described above, and the infected eggs were monitored for 2 days. The survival analysis by using Kaplan-Meier curves was performed by Prism 7 (GraphPad, La Jolla, CA, USA). The calculated survival rate was the percentage of embryos with active heartbeat or young fishes hatched. The zebrafish protocol (NHRI-IACUC-101071-A) was reviewed and approved by the Institutional Animal Care and Use Committee of the National Health Research Institutes.
Medical records analysis
Retrospective data collected from the enrolled patients included demographics, comorbidities, risk factors, and outcomes. Comorbidities included solid tumors, diabetes mellitus (DM), chronic lung diseases, heart failure, hepatic dysfunction (defined as the serum total bilirubin level ≥2.0 mg/dl or liver cirrhosis), renal insufficiency (defined as a serum creatinine level ≥2.0 mg/dl or a requirement of hemodialysis), and hematological malignancies. Risk factors were scrutinized within 30 days prior to the onset of candidemia, including central venous access and total parenteral nutrition. Coinfection was defined as patients infected simultaneously with different Candida or bacterial species, which were isolated from the same blood sample.
Statistical analysis
K-means cluster analysis (SPSS) was performed to divide high biofilm-forming group from the low biofilm-forming one. For comparison of biofilm forming activity, statistical significance was determined by the Student t test. And χ 2 analysis was used to compare the difference of clinical presentations between the patients infected with DST659 and DST693. The Mantel-Cox (log-rank) test was used for survival comparisons in both zebrafish egg infection and in patients with candidemia. A P value <.05 was considered significant.
Results

Biofilm forming activity in CGMHL C. albicans isolates
To investigate the biofilm forming activity, an in vitro biofilm weighting analysis was applied to all DST659 and DST693 isolates. All of the tested isolates of DST659 and DST693 appeared to form biofilms on filter membranes and showed significantly higher biofilm formation indices than that of tec1, a negative control strain for biofilm formation. 11 Moreover, several DST659 isolates formed biofilms better than the positive control, SC5314. The average biofilm formation indices of DST659 isolates (3.37 ± 0.82 indices) showed significantly higher than that of DST693 (0.94 ± 0.28 indices) (P < .001) (Fig. 1) . When the biofilm formation index at 4.49 was used as a cutoff value calculated by K-means clustering with both data sets of DST659 and DST693 genotypes, 7 in 20 DST659 isolates were classified as high biofilm-forming isolates but none in DST693 (Fig. 1) . Among the isolates of DST659 genotype, the biofilm-forming activities varied and apparently could be clustered into two groups: high (DST659-H) and low (DST659-L) in vitro biofilm groups. The biofilm formation indices of DST659-H isolates were averaged at 7.83 ± 1.23 whereas those of DST659-L averaged at 1.52 ± 0.61, and they differed significantly (P < .0001) (Fig. 1) .
Mutual validation between the in vitro and in vivo biofilm assays
To validate the in vitro biofilm-forming activity of C. albicans obtained above, zebrafish eggs were used as in vivo biotic surfaces for biofilm formation experiment. 12 All of the images of biofilm on eggs at 24 and 48 hpi were recorded and analyzed. And all biofilms on eggs infected by Candida isolates was semiquantified into different levels (Supplementary Table) . It was noted that co-incubation of eggs with individual C. albicans isolates for 4 h showed apparent adhesion of yeasts on egg surface, but no difference was found between genotypes DST659 and DST693 ( Fig. 2A) . However, at 24 hpi, there were thick mycelia extended from the chorion surface of eggs infected by SC5314 and by 45% The upper panels showed the whole eggs with Candida biofilms, and the lowers displayed the structure of biofilms on eggs. Representative embryos were co-incubated with DST659-H isolates, C036 and C073, DST659-L isolates, C055 and P033, DST693 isolates, C040 and D038. Candida albicans SC5314 is a virulent control strain, while HLC54 is a non-filamentous negative control strain. (C) In sum, 22 DST693 and 20 DST659 isolates were used to infect zebrafish eggs, and the survival of eggs were monitored within 48 h. A dotted line notes the 10% survival rate. Kaplan-Meier curves were generated and their statistic differences were calculated by Prism 5.0 software. (D) The 24-h post-infection survivals of eggs infected by DST659-H, DST659-L and DST693 isolates were compared, and the statistic difference in-between was calculated by Student t test. For an infection test in a well, 20 zebrafish eggs were used. Three times of repeat gave similar results. An asterisk denoted P < .05; two asterisks mean P < .01; four asterisks mean P < .0001. DST659 isolates (e.g., C036 or C073) but not by DST693 isolates (Fig. 2B and Table 1 ). DST659 isolates showed significantly heavier biofilms on eggs than DST693 at either 24 or 48 hpi (e.g., 25.0% vs. 0 at level IV; Table 1  and Supplementary Table) . Moreover, DST659-H isolates also displayed much heavier biofilm formation on infected eggs than isolates of DST659-L and DST693 isolates at 48 hpi (e.g., 42.9%, 15.4%, and 0 at level IV, respectively; Table 1 ). The positive association between the two results of in vitro membrane weighting and in vivo zebrafish egg biofilm-forming activity was clearly seen with our clinical CGMHL isolates.
Low survival rates when zebrafish eggs infected with high biofilm-forming C. albicans isolates Zebrafish eggs hatch around 48-72 h, and the survivals of C. albicans infected eggs were scored at 24 and 48 hpi. The survival rates of embryos infected with SC5314 and biofilmdefective HLC54 13 strains were 0 and 100%, respectively, at 48 hpi ( Fig. 2C and Table 1 ). Those eggs infected with DST659 isolates displayed significantly low survival rates at 5.93% ± 2.34% at 24 hpi and 1.25% ± 0.61% at 48 hpi. And the latter was close to that seen with SC5314. Relatively, the egg survival rates with DST693 (24.02% ± 3.61% and 11.43% ± 2.79% at 24 and 48 hpi, respectively) were better than DST659-infected eggs ( Table 2 ). The decrease in the survival rates of DST659-infected eggs than the DST693 infected was statistically significant when KaplanMeier curve was used for analysis (P < .0001) (Fig. 2C) . In any case, the vast majority of DST659-infected eggs died with heavy biofilms on their surfaces at 48 hpi (Fig. 2B) . Peculiarly, the survivals of DST693 infected eggs were surprisingly low at 11.43% at 48 hpi, but only mild biofilms formed on the eggs were observed (Table 2 and Fig. 2B ).
It is noteworthy that DST659-H isolates clearly damped the embryo viability more severely than DST659-L isolates did, a fact shown by the survival rates at 24 hpi (survival rate: 0 ± 0% vs. 9.12% ± 3.29% at P < .05, Fig. 2D) . At 48 h, most embryos infected with DST659-H isolates formed heavy and dense biofilms on eggs. In contrast, isolates of DST659-L showed mild or moderate biofilms on egg surface with clear developed organs inside (Fig. 2B) .
Differences in clinical outcomes between the candidemia patients infected with DST659 and DST693 genotypes
A retrospective study was conducted to evaluate the importance of high biofilm-forming activity in our CGMHL Figure 3 . The survival curves of candidemia patients infected with DST659 and DST693 isolates in CGMHL. The medical records of candidemia patients infected with DST659 or DST693 genotypes were reviewed and their cumulative mortality in-hospital within 120 days were plotted by Kaplan-Meier's method, and their statistic differences were calculated by Prism 5.0 software. The last follow-up of DST693-infected patients was censored at day 112, and no data thereafter were available. The P value calculated by log-rank testing was .5093.
isolates. The medical records of the candidemia patients infected by DST659 and DST693 genotypes were reviewed; some clinical presentations were analyzed, and they included demographics, co-morbidities, risk factors, and outcomes. Notably, the candidemia patients with DST659 showed a discernible lower survival rate than DST693 infected (3-day and 7-day mortality, Table 3 ), although the difference was not statistically significant (log-rank testing, P = .509; Fig. 3 ). Comparing other clinical presentations, such as coinfection with other microbes, DM, diseases in major organs, solid tumor, central venous access, total parenteral nutrition, and mortality, gave no differences between the patients with DST659 and DST693 except for a significant difference (P = .022) in renal disease (Table 3) . Apparently, infection by the higher biofilm-forming activity genotype DST659 showed a much higher incidence in renal failure than DST693 (50.0% vs. 10.5%).
Discussion
Previously we have reported that DST693 and DST659 were the most prevalent two genotypes in CGMHL during 2003-2011. 8 In the present study, we demonstrated that DST659 isolates showed higher biofilm formation than DST693 ones by both in vitro and in vivo assays. on biofilm formation remains to be explored. According to the results of infection model with zebrafish eggs, C. albicans with high in vitro biofilm-forming activity was able to adhere on chorion surface, an event that may cause death of embryos, and examples are SC5314 and C036 (Fig. 2B and Table 2 ). The survival of embryos in the infection model is likely affected by the amount of mycelium. Although the zebrafish infection model has been used in the pathogenesis of C. albicans, 22 we found that the egg infection assay may provide additional information about the influence of adhesion or biofilm formation on hosts. In this study, the biofilm-forming activities of clinical C. albicans isolates were found closely associated with the zebrafish egg survival after infection with Candida yeasts. A scant of invading hyphae was found within the chorions during the infection. However, it is not possible at this time to exclude or include the hyphal invasion played a role toward the pathogenesis of C. albicans.
Biofilm has usually been considered as a risk factor for invasive candidiasis, especially for those patients with intravenous lines and bioprosthetic devices. The high biofilmforming activity of clinical C. albicans was recently associated with increased mortality in candidemia patients in a nationwide study in Scotland, 2012 -2013. 23 Our current study first demonstrated that a dominant genotype of clinical C. albicans, DST659, possesses a high biofilmforming activity. It may cause a poor prognosis as DST693 does, although currently patient number was not sufficient to clarify the issue. Worthy of attention is the observation that a high incidence rate of renal dysfunction is associated with the DST659-infected patients. Except for underlying diseases, the major cause for mortality of C. albicans-disseminated candidiasis is believed to be kidney damage caused by growing fungi. 24 A study using a candidemia mouse model clearly demonstrated that systemic candidiasis can lead to renal failure. 25 The renal dysfunction in DST659-infected patients probably could be explained by an extraordinary amount of initial adherence and the fungal mass in patients' kidneys. In conclusion, high biofilm-forming activity was found to be an important factor for the dominance of DST659 genotype in north Taiwan, and that genotype tends to damp the renal function in patients.
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